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1. Introduction

– Why are data comparisons needed?

1. Comparison of observation with theory is fundamental.
2. Validation essential for utilisation of satellite data

� report data attributes & quality to users

– What approaches are used?

– Quantitative comparison of new data set with existing data sets of established 
attributes and quality (ie resolution, precision & accuracy)

– Spatial & temporal distributions and variances
– Biases and standard deviations between new and established data
– Sensor-to-sensor, sensor-to-model or -analysis 

– What level of stringency is necessary (ie precision and accuracy)?

– Atmospheric variability � lifetime
– Quality of established observing techniques

– What (scientific or other) value are the new observations required to add?

– First detection � well-established measurement techniques / sensors
� Determines level of sophistication 
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2. Radiances
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– Since ~1998 contamination of increasing thickness on GOME-1 scan-mirror
– Earth and sun both observed via scan mirror, but at different angles

� Impact on sun-normalised radiances <310nm used for O3 profile retrieval
– Larger thickness in direct-sun view

� Sun-normalised radiances increase after 1998
– Seen as etalon which varied over time

– Ozone profile retrieval not possible for uncorrected radiances after 1998

– Correction scheme based on comparison of measured sun-normalised
radiance with radiative transfer calculations using 
– climatological ozone (Fortuin & Langematz, 1994)
– surface albedo retrieved from 340nm

– Comparison performed in tropics to minimise climatological variance
– Empirical correction factor: 2-D Legendre polynomials (time, wavelength) 
– Fit applied to all GOME-1 spectra prior to ozone profile retrieval
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Fit from 
263nm

Band 1a / 1bRAL (solid) 
SRON (dashed)
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– Correction needed in Band 1 after 1998 to retrieve O3
– Empirical scheme devised assuming climatology in RT
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[Meas/Calc] – 1
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[Meas/Calc] – 1
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ATSR-2 & AATSR reflectances
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GOME-1 / SCIA / AATSR / ATSR-2
inter-comparison

Inter-comparison requires:
Spectral averaging of SCIA/GOME-1
Spatial averaging of AATSR/ATSR-2

• GOME-1 & SCIA pixels not same size; ERS-2 – Envisat ~30mins offset
• Compare accurately co-located GOME-1/ATSR-2
• Average SCIA ground pixels to size comparability with GOME-1 
• Compare SCIA to spatially-integrated AATSR
• Locate nearest GOME-1 – SCIA pixels for comparison
� “Noise” due to scene variation (& time difference) accepted

AATSR / SCIA / GOME spatial coverage

SCIAMACHY

GOME

80 km

40 km
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Left panels: [SCIA/GOME] – 1  

Middle panels: Difference expected 
from change in solar geometry due to 
30min time difference in obs. times

Right panels: [SCIA/GOME] – 1  
accounting for solar geometries.

Corrections for change in solar 
geometry from Envisat ~10am 
to ERS-2 ~10.30am obs times

Comparison of SCIAMACHY & 
GOME-1 reflectance spectra 
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Comparison of AATSR, ATSR-2, GOME-1 
and SCIAMACHY Reflectances : 670nm

Two orbits on 15th December 2002



15-20th Sept’08, Oxford, UKData Comparison Techniques – B.KerridgeESA Advanced Atmospheric Training Course

Comparison of HiRDLS Limb-Radiances 
with Simulations using ECMWF T’s

• HiRDLS:  limb-viewing ir radiometer 
• Field-of-view largely obscured due to anomaly during launch 
• Diagnosis and mitigation required detailed analysis by the science & 

engineering teams.
• Comparison of measured and simulated limb radiances valuable to assess

– Schemes to correct for obscuration (radiometric gain & offset)

– Pointing

• Calculations for 4th & 25th May 2006 data using HIRDLS forward model 
and ECMWF T analyses

• Channels 2 – 5  � Temperature (CO2)
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Channel 2
2006d124 2006d145
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Channel 3
2006d124 2006d145
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Channel 4
2006d124 2006d145
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Channel 5
2006d124 2006d145
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3. Temperature
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Comparison of HIRDLS & COSMIC 
Temperature Profiles

Analysis by Dr. J.Barnett, Oxford – HiRDLS Co-PI
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Fine Structure in HiRDLS Temperature 
Longitude Cross-section at 63 oS

Ticks = profile locations

63oS = extreme of orbit
� 82 profiles / day
cf 28 at lower latitudes

Artefacts < 0.2 hPa
(>57 km).
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COSMIC: 6 small satellites each carrying GPS receiver

– As satellite sets or rises relative to a GPS transmitter, path through limb is  
refracted by the atmosphere. 

– Delay time � air and water vapour density. 
– In stratosphere �  temperature profile.

Vertical resolution ~1 km above tropopause

Accurate up to 30-35 km (4 - 5 scale heights). First guess affects retrieved T profile above.

COSMIC Constellation
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7 December 2007 - 1878 soundings at quasi random times.

From a presentation by Bill Schreiner of the COSMIC Project Office, HIRDLS Science Team Meeting, January 2008

COSMIC profile locations for a typical day
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Coincidence criteria: 0.75 deg (great circle) ~80 km, and 500s

Two methods of comparison with HiRDLS:

1) Subtract profile smoothed with 0.5 sc.ht. FWHM
� High pass filter
– Compute correlation coefficients between 

HIRDLS, COSMIC and GMAO high-pass 
filtered profiles.  

2) Compare power spectra from Fourier Analysis for 
range 2.2-5.7 scale heights 
1) Parabola fitted first to remove gross structure
2) Apodize to mitigate box-car sampling

0.5 scale-heights  
~ 3.5 km

Coincidence Criteria & Methodology
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High-pass filtered profiles

Original profiles

1 sc ht ~7.0-7.5 km

COSMIC – black
HIRDLS – magenta
GMAO assimilation - orange
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– Standard Deviation (SD) per profile (w.r.t. smoothed profile) 

– HiRDLS & COSMIC positively correlated for most profiles.

HIRDLS vs COSMIC SD’s & cross-correlations

Vertical Range
2.0 - 4.75 sc. hts.
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– COSMIC SD’s much larger than GMAO� COSMIC observes finer scale structure 

– Correlation tends to be positive

COSMIC v GMAO  SD’s & cross-correlations
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– HIRDLS  SD’s much larger than GMAO� HIRDLS observes finer scale structure

– Correlation tends to be positive

HIRDLS v GMAO  SD’s & cross-correlations
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Fourier Analysis: HiRDLS – COSMIC – GMAO

72 points: range
2.2 to 5.7 sc.hts

GMAO doesn’t
see l ’s <2km

HiRDLS-COSMIC
correlation to 
short l ’s
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4. Ozone
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Direct comparisons of MIPAS 
O3 with other satellite sensors

HALOE: 
• IR solar occultation 
• 79 co-locations between 22/07/02-14/12/02
• Accuracy: 30-60km 6%; 15-30km 20%
• Co-location: <250km on same day
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High latitude Subtropics

Individual HALOE Profiles
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0.5 – 50 hPa:   +5 – +15% (+/- 20%)
>50hPa:  +ve biases and increases in RMS

HALOE sampling weighted to N. mid. lats; only 10% in tropics

Ensemble of HALOE Profiles



15-20th Sept’08, Oxford, UKData Comparison Techniques – B.KerridgeESA Advanced Atmospheric Training Course

Comparison with GOME-1

–Sept’02 OL (v4.61)
–Co-location: <500km, same day (mostly desc but some asc)
–MIPAS & GOME [O3] averaged between fixed p’s (~4km) 
–Mean & sd calculated for GOME, MIPAS & MIPAS-GOME 
–GOME-1 profile bias: <10% in 12 – 40km range
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MIPAS (v4.61)-GOME Zonal Mean 
for 19/09/02-21/09/02 

– MIPAS SD high in 16-24km >60S (PSCs) 
and also <20km in tropics (cirrus) 

– [MIPAS-GOME] SD < MIPAS SD                                   
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Factors Limiting Direct Comparisons

Precision:
• Direct satellite comparisons underestimate MIPAS precision, due to:

– Imperfect co-location cf atmospheric variability
– Differences in representation of O3 vertical profile 
– Precision of the correlative sensor 

Accuracy:
• Vertical structure of bias partly reflects sensor vertical resolutions. 
• Eg MIPAS  should resolve structure in tropical lower strat better than 

GOME (-> -ve bias) but less well than HALOE (-> +ve biases).
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Direct Assimilation for MIPAS Validation

Ozone: July 10th 2003, 850K level

• Direct  assimilation equivalent to 
Kalman Smoother, but far lower  

computational cost.

• Uses isentropic advection as 
modelling constraint. 

� No chemistry or vertical advection

• Field allowed to adjust continually 
towards the observations. 

� Analysis unbiased relative to I/P data.

• Applied to MIPAS ozone, methane 
and water vapour products (Feb. to 

July 2003 v4.61/2) 

M.Juckes, RAL



15-20th Sept’08, Oxford, UKData Comparison Techniques – B.KerridgeESA Advanced Atmospheric Training Course

MIPAS Ozone Comparisons with Other Sensors

Mean [ppmv] Standard error [ppmv]

The assimilation allows 
comparison against other 
observations which are 
not coincident. 

Biases (left) found to be 
small in  the lower and 
mid-stratosphere.

Standard error (right) is 
<10% in most of the 
stratosphere.

Using a range of independent instruments 
helps establish confidence.

H
ei
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]

In both graphs, the outer limit of shading is 10% of sample mean profile, inner boundary of shading 1%, transition 5%.
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Assimilation of MLS ozone profiles: 
comparison of analyses with ozone sondes

0 5 10 15 20 25 30

Ozone in mPa
1000

800
600
500
400
300

200

100
80
60
50
40
30

20

10
8
6
5
4
3

2

P
re

ss
ur

e

hPa

Month = 200708 ( 10 sondes)
Neymayer (Lat = -70.7, Lon =   -8.3)

Ozone profiles from sondes and analyses

Sonde CTRL MLS
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Ozone profiles from sondes and analyses

Sonde CTRL MLS

• 1st July – 30th Sept 2007
• Ozone data actively assimilated into ECMWF operational system:

• CTRL: SCIAMACHY total column (KNMI)
• MLS: SCIAMACHY total column + MLS O3 profile

� Agreement with ozonesonde profile <200hPa improved by assimilating MLS
R.Dragani, ECMWF
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Comparison of TES Retrieved O 3 Profiles

with Ozonesondes & Airborne DIAL 

)( DIAL aafinal xxAxx -+º

TES a priori profile

DIAL or sonde profile

TES averaging kernel
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TES O3 – Ozonesondes

Worden et al.
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TES O3 – Ozonesondes (contd.)

V1 V2
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Airborne DIAL Measurements

• DIAL profiles ozone simultaneously above & 
below DC-8 of Ozone

• DIAL profiles <0.15o from TES profile averaged & interpolated to TES p grid.

• Missing data in DIAL profile � TES a priori

• DIAL: accuracy <10% (2 ppbv).

• Vertical resolution of 300 m.

Richards et al
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TES O3 – DIAL 

V2
V3

– Care needed in comparisons near tropopause, where O3 vertical gradient strong.
– Using AKs, TES bias in upper troposphere seen to be reduced in V3
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Comparison of OMI integrated ozone 
column to ECMWF analyses

Analysis by S.Migliorini, U.Reading

70-day period from 12 Aug 2005

Assimilation of operational obs:
– ozonesondes
– aircraft 
– satellite IR rads
– SBUV/2 partial columns
– SCIAMACHY columns 
– MLS ozone profiles

OMI data:
– No sunglint
– SZA< 84 deg
– Coincidence criterion: within ± 1 hour of analysis time
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Total column ozone comparisons

For A = I or (when g unit vector) a unit vector

Total column should be compared to 

ˆ ( )a a x= + - +x x A x x �

ˆ ( )T
a a eWW = W + - +a x x

TW =g x T T=a g A T
xeW =g �

ˆ eWW = W +

ana ana
ˆ ( )T

a aW º W + -a x x

Integrated column:
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Retrieved profile:



15-20th Sept’08, Oxford, UKData Comparison Techniques – B.KerridgeESA Advanced Atmospheric Training Course

OMI ozone layer averaging kernels

15 Oct 2005 12 UTC

nadir pixel

a < 1
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OMI total column ozone
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Simulation with ECMWF 3-D analysis
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Integrated Column Differences (%)

For  70 day’s data:   [OMI-ECMWF] bias -3.773 % and RMS 5.2 % 
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5. Aerosol
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Height-Integrated Aerosol

Aerosol optical thickness (AOT), t e, at wavelengths, l = 550 and 870 nm. 

Angstrom coefficient:

Cloud screening & handling of surface BRDF critical f or 
aerosol retrieval from satellite sensors
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Comparisons of AATSR, MERIS 
& SEVIRI with MODIS and MISR

� MODIS & MISR on EOS-Terra 
� Day-time equator crossing time 

similar to Envisat (~10am) 
� Terra ascending node in daytime 

whereas Envisat descending, 
� Observing times at high latitude 

quite different to AATSR.

� SEVIRI on MSG samples hourly, 
though viewing geometry a fixed 
function of geographical location
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Comparison of MODIS and MISR 0.55µm AOT

MODIS – “industry standard” for AOT 
MISR – multiple view angles
Both data-sets well-established

C=.47 C=.61
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AATSR aerosol optical thickness 
comparisons with MODIS & MISR

AATSR – dual view

C=.64 C=.56 C=.56C=.50
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C=.45C=.40

SEVIRI aerosol optical thickness 
comparisons with MODIS & MISR

C=.61 C=.33
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MERIS aerosol optical thickness 
comparisons with MODIS & MISR
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6. Ground-based networks
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Aeronet

AErosol RObotic NETwork. http://aeronet.gsfc.nasa.gov

Standardized instruments, calibration & processing. 

� Geographically distributed observations of aerosol spectral optical depths & 
retrieved products
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Aeronet

Each ground station has CIMEL sun-photometer
• l ’s: 340, 380, 440, 500, 675, 870, 940 and 1020 nm
• Widths: 2nm at 340nm, 4 at 380nm, others 10nm.
• Narrow FOV ~1o

Direct sun measurement every 15 mins

AOT from direct sun extinction � Beer’s law  
• Corrected for Rayleigh scat. + trace-gas abs.
• Rel. acc. cf other photometers <0.004
• Abs. acc. <0.01-0.02

[Angstrom coefficient fitted to AOT at 440, 500, 675, 870nm]
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Satellite – Aeronet Comparison Procedure

• Satellite grid-box containing AERONET station identified.

• For each day, AOT (and Angstrom coeff.) extracted within ±20km from 
this satellite pixel. 

• Aeronet measurements for each station extracted within ±30 minutes of 
satellite measurements. 

• For both Aeronet and satellite sensor, no. of valid retrievals, means and 
standard deviation stored

• Minimum of 4 matches required.

• If SD of either satellite or Aeronet exceeds 0.15, comparison discounted.
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SEVIRI – Aeronet time series comparison
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SEVIRI – Aeronet statistical comparison

0.55µm 0.87µm LandSea 0.87µm0.55µm

– SEVIRI performance reasonable over sea and coasts
– High-reflectance land sites problematic
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Some Factors Limiting 
Comparisons with Aeronet

– Representativeness 
– point location vs satellite FOV

– Only five aerosol types in SEVIRI and ATSR retrievals
– aerosol composition varies continuously

– Cloud flagging may be too stringent
– upper limit on allowed AOT set too low

– High land surface reflectance not modelled well (SEVIRI, MERIS) 
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NDACC

Network for the Detection of Atmospheric Compositio n Change (NDACC)

>70 high-quality stations observing stratosphere and upper troposphere 

� impact of stratospheric changes on troposphere and on global climate

LIDAR profiles:
Raman lidar - water vapor 
Differential Absorption Lidar (DIAL) - O3
Backscatter lidars - aerosol 
Raman and Rayleigh lidars - temperature 

Microwave radiometers: ozone, water vapor, and ClO profiles

UV/VISIBLE SPECTROMETERS: column ozone, NO2 (OClO and BrO)

FTIR SPECTROMETERS: column ozone, HCl, NO, NO2, ClONO2, and HNO3

DOBSON/BREWER: column ozone

SONDES: ozone and aerosol profiles

UV SPECTRORADIOMETERS: UV radiation at the ground 
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Total Column Carbon Observing Network - TCCON

• Network of ground-based FTS
• Near-IR solar absorption spectrometry
• 4,000–14,000 cm�1 at 0.02 cm�1 resolution 
• Analysis with standard algorithm (GFIT)

– Non-linear least squares � scale profile

� CO2, CH4, O2 & other columns

• O2 to convert column densities to pressure-
weighted column average mixing ratios

• Complementary surface in-situ at each site

• To usefully constrain global carbon budget –
directly, and through validation of satellite column 
measurements – precision of 0.1% required!

• SCIAMACHY, OCO & GOSAT validation

� Stringent accuracy reqs. eg:
- solar tracking
- correction for source fluctuations
- FTS instrument line shape 

-permanently monitored with 
HCl cell in  solar beam.

- spectroscopic parameters
- retrieval algorithms 
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TCCON

– Variability reflects atmospheric
lifetimes: CH4 ~10yrs, N2O >100yrs

– Correction needed for stratospheric 
column variability

Sherlock et al
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Summary

• Comparison of observation with theory is fundamental
• Validation also essential for utilisation of satellite data
• Important to compare like-with-like so far as possible

– Apply observation operators to model fields and in assimilation
– Account for sensor vertical smoothing & a priori also in 

comparisons with profiles observed at higher resolution
• Techniques of increasing sophistication being used to 

compare with models and correlative data sets and to 
quantify value added in assimilation


